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A[l’1’()’$())1}’ ME’1’RICS

.l[)l)ll  11,  (’ill li!!V.l\” A G:I{I 1’. S(luil)l]:’$

●  scl ]I)casurablc :111(0]10111)  :( I, Ill\ I(>I 1( lilt” ])liis][)ms,
●  cvdliIatc  and coInpa  It’ l);.IILIIl\ Ik’llt’c’ II collljw[ins  aut(lnl:i[iotl lcchilology

c+ln(li(lalcs,  aild
“ Coll]p:ll”c  au[(momy :lclo, \s illl!>\ll. lIl~\

‘1’hc four autonomy m e t r i c s  ]llu;t\IiIL 111 LIL’fIt’L’ 10 wllicll sjmccctaf  ’( am] missicm d e s i g n s
Ix:rlnil :

● 10 II F.CI periods of notldck.
● Sl)OI-t CI periods 01 tt.ilcl.
●  Icss collllllllllic:lti{~l] l)cl\!cL’li Ilij 1)1 iIIIl ~,1{)1111(1
“ ICss 101:11  ops \vol’kfol  L’t”

‘I”llc rc’s(llts of” a survey :ipplyiii~ llILM II Ii”lIIlS to I)i\lc)]ic I]lissiotls ( i n c l u d i n g  V o y a g e r ,
(;;\!IIc(l,  lJlyss~s, i\IId ‘]  ’O]>CX) iltl(l ])]~IIIIIL(  111111.  ” m i s s i o n s  (itlcl[ldin~ Nc\v  h4illcnniun~,  P]uto
l~Xj)l”CSS,  illl(l Slill”(lllSl)  ;11’(! Ctlill”tL’(1, sti{}vill}, j, Ill Icr s[iil(lil)j{ (Iiil’ctl.llucs bc[wccn  :ill(onomy
acbicvcd  by  miss ions 111:1[  bavt’  oIr~’:t~.l\ [’lI)\~ t] J i. auio  II OII)y prt.diclc(i  by some missions that
Ilavc  ycl to f l y .  sc\~cl”Hl Oldc.1’s 0(  111:1 [’lll(lld( ;II Ior)ollly”  itlclt’;isc{ ill-c I)rillp, pl-ojcctcxl.

1. IN’I’1{01)11(:’J’ION:”  SI’A(:I:(’I{AI” I’ ,411’1’0hlA’J’10N\ ’S.” SI’A(:lW1{AV’J’
Al:’lokonl}’”

‘1’llcrc arc m:illy god, conll)~’lillf i(l(’;(~ (II v  Ilit s} I: Iccc I~if[ ;Iutonl:itiol) “ r e a l l y ”  i s .  Onc
d~’llniliotl i s  Ihat a  spdcx:cIiIfl w’l]i(tl rkit.LIl s a ])rc-pl:IIIIIu(l sc(j HcIIcc w i t hou t  hIImaII
intclvcll(ioll  llilS (lCllKlllStltlt(Xl ;III((III],I{IIIII A s~(~ll(l dclll~ition is tllilt sl>acccraft a u t o m a t i o n
L’xlcllds  bcyo]l(l c.xccutins  j) ILS-IIIi) FI{; II II II. Ll wyLIc  IIccs aII(l ilwl(l(lcs tllc. a b i l i t y  of the
Spacmdl to Ic.:ic.t to Uly)lal)llt’(1  L ’ \ ’ L ’ i l l \  IIlli)l)l 11 cwlt (Irivcn Iulcs  A  tllid dc.finition  of
Sl)ilCL’C1ilf’t  iltlt(]ll)iltioll i s  thlit tll C S]); l(’{’[’lill[  IL’4 (i to unj)lat]ne(i c\IcI~[\ II()[ j u s t  b y  e x e c u t i n g
])lc-])ro:,l’:llllll) c(l 1111(X, but by l.)1).lli):ll(i itlt(  lligcilt ap,c])i  soflM’:ItL. (}I Infcmncc e.nginc
gcncratcd  comm:lnds,  again  Witl)ol[l II(IIII;  III illlt tfcnliotl,

An cx; IINplc of tbc filx( t y p e  o f  S])[L(LLI;II[ ;I[l[]llatioll ;(IC  lIIC t\$’c) .1l’1/ Voyagcl  Spacccraf(
bolh 01 w h i c h  (Icmons(tak(]  tllc dllilily 10 (’XC(’(lte Jll(!-jll o:,l’:illllll  C(i J)]:llICt:ily f l y b y
sc(juc.nccs witl)ou( p,roLl]Id it)tctv(lltio]] ‘ 1 ’ 1 1 ( ’  1~(}’dg,cl”  Spdccclafl  ;11so dclllol)sllatccl  Cxampks
Of (}1c sccot)(] tyJX! of mk-basc(i  :1111[)1 ll; lll(llll i (~11-1 I():IILl  fau]l I)mtcctioll a l g o r i t h m s  w h i c h
:Iliowc.d  1)0[11 spm.clllf( to ICXpoll(l  It! (I 11114111  1 (’(1 llilld\\’al’c f;lults I)y switching to backup,
11’(lllllddllt  sys((”]l~s  wi thout  tbc f, I(Iu]I[i II.. 111 ]ll,,~)]v~(l, ‘lt)c hlASA Nrw Nlillcnt]ium 1 + ’ l i g h t  I



‘1’IIc t])~’t]ics p]-oposc(l”  in [ h i s  l)dl),:l  (Ii! ty :(II ~ collsi(lcl l)SN tl:lcki))~ :IIId opc.m[ions  cost.
‘1’l)cy ;llt’ callLxl aulot]o]ny  l]k’lli(s  :111(1  Ili 1( I tcflccl IIIc dc:,t~c 1( I wllicll the ground CaII
“igtlol~”” a  spdccc.  raf( ntI(l lcal,{’  il (111 .:\ t)\\ll. Sj)auc(’1d’1 alll[)lloll]y Cal) lx Cllll;lllccd  by
sp:Iccc IIIf[ dcsig, tls which ])r{)i~i(l{  ;I Y(IIIL !y ~,)j ,Illlii)lllcs inc]u(lin:, 111:]11 II): IIgj IIS, (lcc{)LIp]c,d
(Ilot)-il)lci:lclil  fr) Subsyslcm  t)cll:lli~)t.  IIllljiil(l I f-liytll ILIlc.s atI(l colls(l:lil)(s,  :tnd sonmlime,  s,
011-l  )odId :Iulot)l:llion,

:Iulol lomy

S1’A(;li(;J<Al~J’
(X)N’1’1<01  / ::
ALI”I’ONOMY”

S1’ACIK’l<Al~l’
l:. N(il NliliRING  ,,
ANA1 ,}~s]s
A(lrJONOlVIY”

S1’ACl{(’RAl~l’
S(:ll;N(’li :
ANA1/YSIS
A(H’ONOMY”

Sl)A(3;(’l<Al~l’
h4ARGl  N

II()  tti I k dlltiltiol)
. . . . . . . . . . . . k

\vol”kfol L! L’”
si7c of LIII. I IIl)li 11. x [0 pIL.p:II(,

s/c [Iplink

II()  [1;  ‘}. (Illlillioll

II(I [ICI 1, dut;llioll
. . . . . . . . . . . . h

\l’(wkfolll”

siz(’  (Ii’ w I (1 I\I Illi II,  x (()  allalyn’

sci (Ioivilllt)k

I

Ilo-track clura(ion

I)o-tr:lck cluration

(tack  (Iuralion

no-trnck  duration

track duration

. . . . . . . . ..- . . .



3. SI’ACIC(:l{Al~l’ (’ON’I 1{01/  AI I’1’ONOMY”

1(’s WC) I-[11 Inct)(ionil]g  tha[ Sp;I(cc  ItIII (  ‘(11111( t  Au I[)IIOIIly c;lt  I lw ~ll[if’lci:llly impmvcd b y
Imokkccpillg  y,}oun({ 0]>s wokfoJc  c (lo II), j,l:tl Iillg & Colnln:llld :Ig,:lillsl  son ic  Othct task.  ‘ 1 ’ 0
(l]sC(}llld~C  this,  l“~l]cs f{)]” llsil)~ lhl’SL’  ;: lt~lll(’  ll\ IIICII Ics rt>qllirc  {Il:it (IIC four workforce
(:slilna(cs  usc(l ill tbc  four I)mtli(.<,  SIIIII (i] to l(I; II oj)s \volkfolct’.” ‘1’111  Icsllll i s  that arlificia]ly
ill)pm\’ing onc  :Iutonotny mc{l i( liy fI(i{ll IIIp  its Wolkl(mcc, \;’ill CII{I up (Icgrn(ling onc 01
11)01’L”  of tllc’ Olllcl” alllonomy II I(’1I 1<’\

4, SJ’ACIKRAV’I’ l;h(il Nl; l RING ANA I,YSIS AII’I’ONOMY”

Space . c l ; l l t  l{t~~itlccuillg An:llysi\  ALIIOII,)I:I~ I\ as\ol.i;llc.d  \vitll tl](. (Illmtiotl tba[ t h e  dc
ro(ltincly  goes (Inal(cndc.d,  willlolll III( II,’(”  I fol” tllL’ ~1’mllld  t{) C o l l e c t  and mlyzc
Cl)g,inc(’tillg  dilt21 (;111(1 wi[holll  ;ifl~, OIJS (  (I fIl, I(l ot IJSN  tl”ilCkill~, ). l;llf,inccring  dnalysis
:iu[onolny”  i s  illvcrsc]y associalc(t  \vi[ll [II{ t~lltl 1)..I O f  bi[\ of ct]g,itlr~’lill~, d:iui t ha t  11111s1  bc
rou[il)cly dowtllil)kcd  (Wbc]]  tllc sf( is 11(1(  i: I~,l) ,IIId \\ilb tllc si~~~ o f  lIIC ops \vorkfolcc t h a t  i t
tilkCS 1 0  plwct’ss  aid allalym tlk’ (l:~”iil  ,li IIl I\  I l l  v,llatrvL’i  pcv’follnallc(” :Illd [I CI](I lnodc]s  t h a t
ill’t’ rcqllircxl fol” Sj);l CC.Cl’:lfl 0]1(’1 ill iot~, ‘1’111(  ;IIII )IIOI)Iy Ii)ctric  i s  ;IIS(J sc:tlcd b y  tbc ratio of
avcmgr IImtrack 10 track  durdlio  l]. III (;IS [ILII;I t slII; lll Illclc’:ist>< ill )1() -l I;~ck (Illration \v]lic])
IL’sull  it) Idrg,c incrcascs  in track (illt<l[  I~JII.

5. SPA CICCltAII’rl’  S(:11 h(:l[ ANAI,}’SIS A[l’I’ONOI)I}’”

Spaccxl-aft  Scicncx  An;llysis Auto]~i)]]l~ i< W\oi  lillCd w i t h  ttlC (I(ll”iitioll [Il:lt  tll(l S / C  mutincly
~(x:s ul)dtlcn(lc(l, wilbout tbc I)c.c(i fot [II( ~I()[IIItl to coiic’ct ;III(i  aIIaiyYc  scic.nc.e. d:ita  (an(l
\vi(l)out  aIIy  ()])s  COIII:IC[ or IJSN 11,1(  ’L II I;I, ) ;III(f IIjvclst’ij,  w i t h  tltc si7( of IIlc  0])s Wol’kfol”cc
tcquiwd 10 Gttptllw,  andlym,  tircl\i\r , :111(I (,11111  \\ if(’ drdl  \\ ’itll [lIC scicn~c (1:11:1  downlinkcd. IJor
tl]c’ ])urj)oscsOf th]s Illctrlc, S(’ict[c(’ ;III:I]ItSI~, i (Icflll(’(i Iooscly  10 itlulu(ic  o n l y scicncc
()})cr:lti()n;il  amlysis, the a n a l y s i s  111:11 II)IIfl 1) cOIIII)ICIL”CI  ro~llitlclj to sLIpp(JII o n - g o i n g
oiwmtiot);li pi:~lllling,  atl(l  scquctlci dis I:II
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Figure 1: SPACECF{Af 1 AL.I1”ONC)MY SUF\VE-Y  FORM

‘reject Name:

‘reject Phase:
(choose 1 phase, e.g., “ct~kc’ )

)ata Submitted By:

AUTONOMY PAI WAIF “1 t I {5

a ● average no-track duration (hours)

data to be entered ~

b ● average track cjuration  (hc]urs)

C*

d.

E?*

average no-track, track cycle duratiml  (tIC~LIcs
(shoulcl  . a + b)

average amount of data uplinkcd pet d:(y (Ijii; )

average amount of engineering data dowtill!lk[  i 1 lcr lEIy (bits)

f ●  av(!rage anlount  of science data cJowrIIIIIk. [:1 p:t (ia~ (t)its)

g ● number of spacecraft margins & corlsull]<:l~lc:  II ,.ltil  (’y
managed by ground

h c workforcc  rcquircci  for s/c uplink (F I E s)

I

i ●  wotkforce  r e q u i r e d  f o r  e n g i n e e r i n g  pPI({)IIIt, III(.:(  ::  IIal, SIS (1 I I s )

j ● workforce  required for science analysis (} 1 I s)

k ●  workforcc  rcquir[!cj  for margin & COrlSlln’l{ll,](!S f~,:n:  l(:rncr)t (1 ‘1 Es)

I ● total operations workforce  (Fl Es)
(these parameters assume that tot)l  ~IIo;I: c:i  OIIS I. :rkforcc is
allocated between h, i, j, and k)

AUTC)NOMY M[ “I RI(:S

WC CON-I F{OL AU-I ONOMY $;/(; S~l ANALYSIS  AU-[  ONOMY :
(nt dur / LII data’ul  wf)(nt  dur / t dLlr) (rlt dLlr / s chta * sa wf)(rd clLlr  / t dur) i

or . (a/d’ tI)(a/b) or = (a/f+ j)(a/t.~)

S/~ ENG ANALYSIS  AUTONOMY SK; MARGIN h4NGh4Nl AUI ONOMY
(nt CfLJI  / c! data ‘ ea wf)(nt  dur / t dur) ‘1/ (// rllargirls  ●  rllrll  Wf)

__or_~ .(a/c’i)(a/t3) . ..gr=. l / KI:k)  . . . .__.. _.–_ ._-:-.-.

:,
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FIGURE 3: CHART C)l S[)ACF CRAFT AU1ONOMY METRICS

S/C CONl”ROL AUTONOMY

+ Arcady  flown - k * yet  to Ilc {1(,+.1, *
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S/C SCIENCE ANALYSIS AU-I 0N0M%
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Ict’lNl a sp:ict>crafl’s  :Ibility 10 OI):I:I{L’ l’{~1 I  IIIg ])1’rit)ds  o f lin)r  \\ill)  m i n i m u m  gIouI)d
cotltdrl  ((rack itlg, ), w i t h  a SII):III  tJ;~tI :IIII)I\ \ t!tkfc~lcc, aIId with :1 sIIIall aIwNInt o f  dat:i
in(crch;lllg,c llcl\vccn  ilsclf and  llIt’ ~1,1(1111111

llc]ow is ;I list of some of the tllill:s 111,1( h[?I,c(  I,IfI AII(OIIOIIy h~rlt  ics do not measure:. . ----

1 -  R i s k  - m i s s i o n s  w i l l i n g  tO l;IKc lII\IIC I i}. (:111 }’,cnct  all] il)]proi’c tll(it autol)Olny I)lC.tI’iCs  b y

rc(lucil)p,  track  ii):,, down staff]np.  :111(1  vlhiily IId n’ccitil)p Icss ddl:I ‘1’IIc auloIIomy mc(rics

d o  nd IItcasu Ic Iisk.

~. (:(M(  ]iffCC(ivc]lcss -  pmlccls Cdli  S]I:I ii lf,l]iflC:lll[ fIIII(]\ pIL,-  ]mIIIc]I, dc.vcl  Oping :Ill[i

lcslins sp:lcccraf(  autOnOmyI ‘J’tlc aII((III )IIIy II Ic[tics ( l o  1101 illdic;l{c \\ ’hctl Icr rc(lucd Ops

costs  (d~lc (o Ihc ;Iutonomy)  w i l l  ofls~l Ili ,IIIiI {i.\’Cloj)llM’llt  cosls :IIId  rl’s(ll( ill a  n e t  I i f c - c y c l e
cwsl  sdvin~, s.

4- ‘1’hc Valllc  01’ Scicncc  1):11:1 -  III( ]ILIII) )s. [)’ IIIOSI NASA n]issiolli IS to go out into space
ill)(l Coil  CCt  scimcc. in fmvmti(>]) R(’lkllllt  l:’ [ 1  I\  illforlll:iti(]n  llSllilll~ ]cx]uilcs downlitlkit]g

scicl]c~’  datd.  ‘J’IIc  21u10110my  II IL>II iL\ il](ll~ :11~ 111:1[ IIIL Illolc scicllc(’ (Ia(a r e q u i r e d  10 bc

roulincly (Iownlinkcxl, t h e  lo\vcI tlIr sII,IC~:~ ItI1’l ;IutoII(~IIIy. ‘1’l)c aII[OIIOIIIy mclrics do not t r y

;11)(1 :Isscss (l IL’ “V;I]l]C” of tt]c s(’i{’l)L’L$ ({;I!  I no\” llli]]k~(i.

6 -  NIission CI)mplc,xity -  vcty iil)lj)l, l~li~~lol >, likr piobcs, cal  I ilCtliCVC signific:tntly h i g h

lcVCIS O f  S}lilCCCI~lft  dutmnaticm. l’lo,jl’{[~ 111 ~ILSIll,I:il  C~III  ilnplov(” sp; Iccc  I :Ift  a u t o n o m y  m c . t r i e s

by sitl]plifying lhcir missim (1,’si:’rl. ‘ 1  IIL’ i Illonolny mc(l i~s d o  Ilol tv :Ill(i :lssCs tllc
complexity of mission clcsig[l.

l;O1ll S]):lCCC1’Hfl  illlt[)l)Ollly lllCtl i( \ ll{i\ L II.(II III {Ilmsc(i  ttldt a[lcIllpt l[J qllat)tify t h e  dcgtm of
ou(sidc  cotltl’c~l quid for a  Sl)lI[(’(t(It’l [(l ~Kl i’(11111  illl(l  I1lCC.I  ils mission g,(Xlls. ‘1’hC duration
tile Spm’.mfl call Opcllltc. txl\\’1’\’11 11{1’} ‘. ‘Ii’ 21111 (ILI  III of (Iillil  111;1[  11111 St l)C CXCll[l Il~Cd
1)(’l\VCCll IIIC S])ilCCC1’~lfl :11)(1 tll(! p[ollli(i, :111(I 1[)( ~im 01” llIc opct:tti Oil\ \$’ol’kfol’CC.”  :11’(’ SOINC Of
[tic pa IaIlm(c.Is  IIld( il~fluc]~cc III( pIIIII(I,\ (i iILIl JIIOIIIy  ni~.tri(s,

A  viili~’ly  of Inissions WCIC  SUI JC) CLI illl{i 11.’ir :Illtollollly lnctric~  conlputcci.  S ign i f i can t
diffcrcl)ccs (odcrs of Ina:, nitu(lo \\rIL. {~i~(.  ()\ IL’(i  l)rl\\ccII the :I(ltollo]lly”  of missions which
Ildvc lIOW1)  (tlulonolny  ilCl(lill  S) v\. \ol  IIL  111.\i(lI. kvllicll hdvc ycl 1 0  fly (:ill(ollc)llly prcclicts).
‘1’INw  sigtlificdnt diffc]cmcs  cwi(i II(’ IIU ~ 1,1 I \\ ptt)jc~[ t)aivctO  (Ilot yc[ f~llly  u n d e r s t a n d i n g
tnissiol) opcr;lli(l]):ll c o m p l e x i t y ) ,  tIL\~  1)1 I )1.~1 ~)L]y.111  (;l~slll]]ill},, Ol)[illlislic tr:ickin:, :tl)(i OpS

COSI cslimnlcs 10 help SCII the p]olr(l ), ( II ,11 III jl);itcd II\LS. of IIig,llly cl’feet ivc. ncw spacccl’af(
illllolll:llioll”  lcCilllolOgy. II is Ch]IL’(;li’d [11;  I I iIL’\ illltollollly” I])CII ics will sl:ll [ tmi]lg llsc.(i in the
1’lIIIII”L’ 10 Scl mcasllrahlc aLltolloll”  l)’ ;!():11s  101 lLI1lII1’ J) IO;LWS, to Collll)dl”c bcllcfits bctwccn

cOlni)rling illltOlll:lli Oll 1(’cllllolo~!,l(’$,” :~11~1 I(J Jl>\’cloil  <Ill llllci(’tst;lll(lillp of the. relationship
lmwccll  a pwjcct’s pIc-laIIIIclI d\I[(JII(IIIIJ pCI-f(lIIIIOIICC pi~xiic[s ~Ill(i  ils post-lalll~cl]
illltollollly”  jlCl”f(~Illl;lll  CC ;lCt Uill S.

/i


